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madan@Abstract Introduction: The veriﬁed suitable hearing aid gain does not guarantee a beneﬁt from
the hearing aid. The aided pure-tone threshold and the speech tests constitute main validation tests,
which can be an enigma when dealing with infants and young children. Accordingly, there is grow-
ing need for an applicable objective test that represents aided thresholds and cortical processing of
ampliﬁed sounds.
Objective: This work was designed to incorporate the aided evoked cortical potential (AECP)
testing in hearing aid beneﬁt assessment battery of children.
Methodology: The study involved 10 young children with the history of regular hearing aid using
for the correction of mild to moderately severe sensorineural hearing loss. Aided AECP consisting
of P1, N1, P2 and N2 waves was measured for them using 500 and 4000 Hz tone bursts and ga- and
wa-syllables.
Results: The potential was traced in all subjects with different degrees of reproducibility of
waves. It paralleled the speech recognition ability with reasonable correction values to the aided
behavioral thresholds.
Conclusions: The tracing of aided evoked cortical potential constituted a valuable tool for assess-
ment of hearing aid beneﬁt. It can introduce valid information about the frequency speciﬁc aided
hearing thresholds and the speech perception ability. The total number of emerged waves in the
potential revealed more selectivity to cortical function than the latency parameter.
ª 2012 Egyptian Society of Ear, Nose, Throat and Allied Sciences.
Production and hosting by Elsevier B.V. All rights reserved.Ear, Nose, Throat and Allied
evier B.V. All rights reserved.
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yahoo.com1. Introduction
The veriﬁcation of suitable hearing aid gain for users does not
necessarily reﬂect favorable beneﬁt from the prescribed gain.
The main issue is to validate that the hearing aid gain and elec-
troacoustic parameters are beneﬁcial to the hearing function.1
Validation of hearing aids beneﬁt includes subjective tests,
objective tests and speech tests during ampliﬁcation situation.
2,3 As enhancement of speech perception is the main issue in
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part of the hearing aid function validation process.4
Assessment of aided speech skills could be a difﬁcult task in
young children and infants. Accordingly, there is more need
for objective tests such as the aided evoked potentials. The emer-
gence of aided evoked potentials testing in the assessment of
hearing aidbeneﬁtmaydate back to 1976byMokotoff andKrebs
usingAuditoryBrainstemResponse (ABR).5The brief nature of
ABR stimuli makes them highly susceptible to distortion in the
sound ﬁeld and mal-manipulation by the hearing aid. 6 These
stimuli may be short enough to not initiate the compression
algorithms of the digital hearing aids. In addition, the delay
characteristics of the digital processor might interfere with the
onset response of the ABR.7 This is further complicated by the
fact that the delay in digital hearing aids varies across frequen-
cies and across instruments.8 The emergence of auditory steady
state response (ASSR) as anobjective tool for hearing aid beneﬁt
validation resolved markedly many of these drawbacks of aided
ABR testing.9 However, both measures do not represent higher
auditory cortical activity that may reﬂect listening skills than
lower centers do. The obligatory cortical potential including
P1–N1–P2–N2 waves can be recorded in response to relatively
long stimuli including tone bursts and speech stimuli.10 The pro-
duction of this potential in young children and infancy is a difﬁ-
cult task considering the late maturational course of the higher
auditory centers. The use of relatively long stimuli such as tone
burst with relatively wide inter-stimulus intervals can enhance
the reproducibility of this potential.11–13 Furthermore, the
natures of these stimuli whether tone bursts or speech segments
are considered suitable for the digital hearing aid algorithms.
Moreover, the obtained thresholds showed good agreement
with the behavioral thresholds.14Asmentioned before, the aided
auditory evoked cortical potentials represent listening skills
more than aided ABR and ASSR owing to their higher neural
origin.15Multiple generators in posterior portion of the superior
temporal plane, lateral temporal lobe and the adjacent parietal
lobe regions seem to be responsible for this potential.16
It would be possible to use this measure to determine the
adequacy of ampliﬁcation provided to an individual to achieve
listening skills.17 This work was designed to incorporate slow
cortical response in hearing aid beneﬁt assessment in children.
2. Methodology
2.1. Subjects
Ten children with bilateral mild up to moderately severe senso-
rineural hearing loss across 500–4000 Hz frequency range were
included in this study. They ranged in age from 6 to 12 years
and fulﬁlled the following criteria:
– Regular hearing aid users appropriately ﬁtted in both ears,
for not less than 1 year to guarantee adequate cortical
stimulation.
– Not ﬁtting auditory neuropathy criteria.
– No intellectual complaints.
– Aided monaural pure-tone thresholds between 15 and
25 dBnHL.
– Unaided monaural speech recognition scores higher than
50% using open set Arabic kindergarten phonetically
monosyllabic word lists.182.2. Procedure
Tests were performed over two sessions with 1 week interval to
avoid boring of children. The ﬁrst session included estimation
of aided pure-tone thresholds and the aided speech recognition
testing in both conditions (in quiet or in noise). The other ses-
sion included the aided monaural evoked cortical potential
testing. The subjects were subjected to the procedure as
followed:
– Aided monaural and binaural pure-tone audiometry for
threshold detection in 500–4000 Hz frequency range using
Madsen audiometer Orbiter model 922.
– Aided speech recognition thresholds and aided speech rec-
ognition scores using Arabic kindergarten bisyllabic and
phonetically balanced mono-syllabic word lists respectively
by examiner’s live voice.18 Testing was done twice, one time
with white noise in the rear speaker and the other one with-
out noise. The speech intensity was 50 dBnHL with zero sig-
nal/noise ratio. The subject was facing the speaker from
which speech was introduced at 1 m with zero azimuth.
The angles of front and rear speakers were 0 and 180,
respectively. This arrangement was to deliver nearly sym-
metrical signal/noise ratios for both hearing aid micro-
phones at the same time.
2.3. Auditory evoked cortical potential recording
Subjects were semi-seated facing the loudspeaker at zero azi-
muth at 1 m apart. A laptop presenting a cartoon ﬁlm without
sound was located beside the speaker toward the contra-lateral
side of the tested ear. Accordingly, when the child watched the
ﬁlm, the hearing aid microphone was nearly in front of the out-
let of the speaker. The other ear was blocked using its earmold
after kinking its tubal end with adhesive tape. The rationale
was to avoid stimulation of the non tested ear.
The stimulus was delivered through a speaker, which was
connected by an external ampliﬁer to the evoked potential
equipment Smart version 2.39. The speaker output was cali-
brated by a sound level meter according to the speciﬁcations
of ANSI. 19 Auditory evoked cortical potentials were traced
in free ﬁeld condition in response to the sound ﬁeld delivered
stimuli. Four conditions were measured:
 Two tonal stimuli: 500 and 4000 Hz tone bursts with 200 ms
duration and 10 ms rise/fall time.
 Two speech stimuli: wa-syllable (208,725 ls duration) and
ga-syllable (213,725 ls duration). They differed in the fre-
quency spectrum of their formants. The second formant’s
frequency (F2) was lower in the case of wa-syllable stimulus.
Other differences were in the lower starting frequencies of
F1 and F3 of the ga-syllable stimulus (Table 1).
 All stimuli were presented at a rate of 0.5/s and at an inten-
sity of 50 dBnHL that was decreased down to thresholds in
5 dB steps. The ﬁlter was set between 0.8 and 30 Hz and the
gain was kept at 50 K. Tracing of the cortical potentials was
conducted for each ear separately. Two traces were mea-
sured for each stimulus to assure repeatability. Ten sweeps
were averaged in each trace and were found to be sufﬁcient
to get a well-formed response.
Table 1 Frequency spectrum of formants of wa-syllable and
ga-syllable.
Formants wa-Syllable ga-Syllable
F0 120 Hz 125 Hz
F1 400–700 Hz 220–720 Hz
F2 840–1200 Hz 1640–1240 Hz
F3 2580 Hz 2100–2500 Hz
F4 3500 Hz 3600 Hz
F5 4500 Hz 4500 Hz
Reference Wertz et al.20 Coady et al.21
Table 2 Mean, standard deviation and t-test comparison
between aided speech recognition scores in quiet and in noise of
the study group. The table revealed mean values, standard
deviations, t-value and probability of t. Speech recognition in
noise was signiﬁcantly lower than that in quiet.
Mean (SD) t (probability)
Aided speech recognition 68.2 (10.3) 7.28 (0.000)
Aided speech recognition in noise 60.8 (12.8)
Figure 1 The multi-wave AECP in response to 500 Hz tone
burst. 4000 Hz tone burst, ga-syllable and wa-syllable. 500 Hz
tone burst produced the all for waves while wa-syllable produced
only two waves of the potential. The P2 wave of ga-syllable
represented an elevated area and interpolated to detect its latency.
X-axis represented latencies in ms. and Y-axis represented ampli-
tude in lV.
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following sites after being prepared with abrasive gel. Posi-
tive electrode was attached to Cz site, negative electrode to
the mastoid of stimulated ear and ground electrode to the
mastoid of the ear contralateral to the stimulated one.
The positive and negative components of the cortical poten-
tial were traced and the latencies of the available compo-
nents were measured.
3. Results
Aided binaural pure-tone response in free ﬁeld revealed hear-
ing thresholds lower than 25 dBnHL at 500, 1000, 2000 and
4000 Hz. Also, the aided binaural speech recognition thresh-
olds were measured and revealed values lower than 25 dBnHL.
The aided binaural speech recognition scores in quiet was cal-
culated using monosyllabic word list for kindergarten. All
cases revealed scores higher than 50%. Scores of speech recog-
nition in noise were signiﬁcantly lower than those of quiet con-
dition. None of the individuals revealed better scores in noise
condition (Table 2).
The late cortical potentials were successfully recorded in all
tested children. The targeted cortical potential consisted of
four components: P1, N1, P2 and N2 waves. It was not man-
datory to ﬁnd all waves in the potential complex. N1 wave was
the most eminent wave in all tested ears. The single peaked
wave was the frequent pattern among potential’s waves. Two
other patterns were infrequently found in the potential’s
waves. In one pattern, the wave was an elevated multi-peaked
area and the latency was detected by interpolation of both
edges of the area (Fig. 1). The other pattern was found in P1
wave. Sometimes this wave constituted just a shoulder prior
to N1 wave especially near the threshold (Fig. 2).The identiﬁcation of other components in response to dif-
ferent stimuli was variable as follows:
– P1 component was traced in 14 ears in response to 500 Hz
tone burst, in 6 ears in response to 4000 Hz tone burst, 12
ears in response to ga-syllable and 10 ears in response to
wa-syllable.
– P2 component was traced in 19 ears in response to 500 Hz
tone burst, in 17 ears in response to 4000 Hz tone burst, 17
ears in response to ga-syllable and 13 ears in response to
wa-syllable.
– N2 component was traced in 11 ears in response to 500 Hz
tone burst, in 8 ears in response to 4000 Hz tone burst, 9
ears in response to ga-syllable and 6 ears in response to
wa-syllable (Table 3 and Fig. 3).
Figure 2 AECP threshold detection using 500 Hz tone burst. At
the threshold, P1 wave constituted a shoulder before N1 wave.
The behavioral 500 Hz threshold of this subject was 20 dBnHL. X-
axis represented latencies in ms. and Y-axis represented amplitude
in lV.
Figure 3 Diagram for the reproducibility of cortical waves in
response to the used stimuli.
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among all stimuli.
– There was no signiﬁcant difference between latencies of cor-
tical waves delivered by different stimuli. Despite that, the
500 Hz tone and ga-syllable stimuli consistently produced
waves with shortest latencies (Table 4).
The latency of N1 and P2 waves was positively correlated to
the age of tested subjects, the duration of hearing aid use,
speech recognition scores in quiet and speech recognition
scores in noise (Table 5). The total number of identiﬁed corti-
cal waves in each subject in response to the four stimuli wasTable 3 Prevalence of auditory cortical waves in the 20 ears of the
wave and 500 Hz has the higher number of produced waves.
Stimulus P1 N1
0.5 kHz tone 14 (70%) 20 (100%)
4 kHz tone 6 (30%) 20 (100%)
ga-Syllable 12 (60%) 20 (100%)
wa-Syllable 10 (50%) 20 (100%)
* Total means the sum of cortical waves produced by each stimulus in thpositively correlated to the duration of the hearing aids use
and the aided speech recognition scores in noise. It was not
correlated to the speech recognition scores in quiet or to the
age of the subject (Table 6).
Examination of the cortical aided thresholds, the N1 wave
was the latest fading wave among the potential’s waves. The P1
wave might constitute a positive shoulder at the start of N1
wave near to threshold (Fig. 2). The aided cortical potentials’
thresholds were 11 and 17.75 dB more than behaviorally aided
500 and 4000 Hz thresholds, respectively. The mean and
95% conﬁdence limits for these differences are described in
(Table 7).
4. Discussion
The nature of stimuli used to obtain cortical potentials proved
to be suitable for the used digital hearing aids in this study.
The duration was chosen to produce long enough activation
of the compression circuit of the hearing aid. The 100% repro-
ducibility found in the tested group nearly agreed with Wun-
derlich et al. who reported 95% reproducibility in age-
matched normal children. 11 This could be different from the
preconceived idea that the subjects with hearing loss might
have low reproducibility owing to less cortical stimulation.
This might be because the selected degree of hearing loss of
the tested children allowed some cortical stimulation. Further-
more, the regular use of hearing aid helped the tested subjects
to approach the normal reproducibility of the cortical poten-
tial. This can be supported by the ﬁndings of Essawy et al.22
They reported statistically signiﬁcant shortening of cortical po-study group using different stimuli. N1 is the most reproducible
P2 N2 Total*
19 (95%) 11 (55%) 64 (80%)
17 (85%) 8 (40%) 51 (64%)
17 (85%) 9 (45%) 58 (73%)
13 (65%) 6 (30%) 49 (61%)
e twenty ears.
Table 4 Comparison between auditory cortical wave’s latencies produced by different stimuli using one-way ANOVA test. The table
revealed mean values of latencies, standard deviations, F-values and probability of F. In spite of differences between latencies among
different stimuli, these differences did not reach the signiﬁcant levels.
0.5 kHz tone 4 kHz tone ga-Syllable wa-Syllable F (Prob.)
P1 108.1 (20.9) 116.2 (33.8) 108 (21.5) 109.5 (13.6) 0.23 (0.88)
N1 188.5 (31.5) 196.1 (28.7) 193.6 (29.5) 194.3 (30.1) 0.23 (0.87)
P2 265.7 (33.4) 270.1 (33.6) 266.2 (33) 264.4 (36.8) 0.08 (0.97)
N2 339.1 (26.8) 342 (29.9) 327.4 (27.8) 344.7 (32.6) 0.57 (0.64)
Table 5 Correlation of the cortical wave’s latencies and the duration of hearing aid use, aided speech recognition test and the aided
speech recognition in noise test. The table revealed the correlation coefﬁcients and the signiﬁcance of correlation. Signiﬁcant negative
correlation was found mainly with latencies of N1 and P2 waves (i.e., increasing the duration of hearing aid use and aided speech
recognition scores were associated with the shortening of latencies).
Stimulus Duration of hearing aid use Aided speech recognition test in quit Aided speech recognition in noise
500 Hz tone
P1 0.31 (0.28) 0.38 (0.18) 0.42 (0.14)
N1 0.55 (0.012) 0.51 (0.023) 0.63 (0.003)
P2 0.56 (0.012) 0.55 (0.014) 0.62 (0.005)
N2 0.23 (0.49) 0.49 (0.12) 0.44 (0.18)
4000 Hz tone
P1 0.4 (0.43) 0.64 (0.17) 0.67 (0.15)
N1 0.53 (0.02) 0.54 (0.02) 0.63 (0.004)
P2 0.54 (0.02) 0.56 (0.02) 0.62 (0.008)
N2 0.46 (0.25) 0.68 (0.06) 0.55 (0.16)
ga-Syllable
P1 0.16 (0.62) 0.28 (0.38) 0.3 (0.34)
N1 0.55 (0.012) 0.53 (0.02) 0.64 (0.003)
P2 0.53 (0.03) 0.58 (0.02) 0.62 (0.008)
N2 0.44 (0.24) 0.6 (0.09) 0.48 (0.19)
wa-Syllable
P1 0.43 (0.22) 0.12 (0.75) 0.24 (0.51)
N1 0.55 (0.01) 0.51 (0.02) 0.61 (0.004)
P2 0.59 (0.04) 0.68 (0.01) 0.73 (0.005)
N2 0.54 (0.27) 0.94 (0.005) 0.79 (0.06)
Table 6 Correlation between age of subjects, duration of
hearing aid use, aided speech recognition in quiet and in noise
with the number of emerged waves. The table revealed mean
values, standard deviation, the correlation coefﬁcient and the
signiﬁcance of correlation.
Mean (SD) r (signiﬁcance)
Age in months 110.2 (22.4) 0.31 (0.18)
Duration of use in months 37.7 (12.4) 0.55 (0.012)
Aided speech recognition 68.2 (10.3) 0.29 (0.22)
Aided speech recognition in noise 60.8 (12.8) 0.52 (0.02)
Table 7 Difference between aided behavioral puretone thresh-
olds and aided EACP thresholds at 500 and 4000 Hz. The table
revealed Mean values of these differences, standard deviation
and the 95% conﬁdence limits.
Mean (SD) 95% conﬁdence limits
500 Hz 11 dBnHL (2.6) 9.8–12.2 dBnHL
4000 Hz 17.8 dBnHL (3.8) 16–19.5 dBnHL
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used hearing aids regularly in comparison to those who were
not ﬁtted with hearing aids.
In agreement with many researchers Korczak et al.,23 Wun-
derlich et al.,11 Sussman et al.,12 and Choudhury and Benas-
ich,24 N1 wave was the most consistent and distinguishing
component of the potential as all tested ears produced N1
wave while some ears missed one or more of the waves. The
N1 cortical wave might be robust enough to be the fundamen-tal wave in threshold tracing, which proved to be a valid tool
for aided threshold detection. The difference between behav-
ioral thresholds and electrophysiological ones were relatively
small especially at low frequency tonal stimuli. Moreover,
the relatively small standard deviations and narrow conﬁdence
limits make the discrepancy values reasonable for assessing
aided thresholds electrophysiologically. This measurement
provided frequency speciﬁc aided thresholds with stimulus
physical characters suitable to the digital hearing aids.
When using tonal stimuli, low frequency tone had the more
formed potential. This might reﬂect that, the audibility and the
160 M.R. Hassaanamount of the sound energy could be the determining factors
in stimulating the cortical centers. The more enhanced re-
sponse of ga-syllable stimulus in comparison to wa-syllable
stimulus could be attributed also to the amount of sound en-
ergy. The frequency spectrum of both stimuli was comparable
regarding the distribution of frequencies in the formants. De-
spite the lower frequency edge in F2 of the wa-syllable stimu-
lus, F1 and F3 of the ga-syllable have lower frequency edges
too which may produce comparable frequency-induced sound
energy. However, the stop consonants such as (g) have large
and rapid increases in amplitude at consonantal release, while
glides such as (w) exhibit more gradual amplitude change.25
This abrupt amplitude rise might lead to the enhancement of
sound energy and accordingly this enhancement of ga-sylla-
ble-evoked response.
The cortical responses were different among the studied
stimuli as regards their latencies and reproducibility even in
the same subject. These differences in the response reﬂected
that the cortical centers were capable of processing differences
between stimuli. This agreed with what was hypothesized by
Purdy et al.7 Furthermore, it seemed that the used hearing aids
conserved the physical characters of these subtle differences.
Prolonged hearing aid use revealed a direct effect on the
maturation of cortical waves in the form of shortening of
latencies and increased number of waves in the potential. This
efﬁcient physiological auditory processing at cortical centers
was paralleled by an efﬁcient speech recognition whether in
quiet or in noise. The correlation was found mainly with N1
and P2 waves, which are the most reproducible waves which
agreed with Tremblay et al.26 Despite the absence of correla-
tion between the number of emerged waves and aided speech
recognition scores in quite, it was positively correlated with
the speech recognition scores in noise. As speech recognition
scores in noise reﬂected more challenge to the central auditory
system, it would be correlated more to its efﬁciency. In other
words, the more the capability of central auditory system to
extract signal from the noise, the more the centers involved
in the activity, which was reﬂected by the number of generated
waves. This added to the evidences of the positive relationship
between the beneﬁt from the hearing aids and the physiologic
activity of the cortex. In spite of the documented progress in
the cortical potential’s reproducibility with age in many stud-
ies, there was no correlation between the number of recorded
waves and age in the current study. This could be due to the
presence of signiﬁcant hearing loss in those individuals. In
addition, the strong positive correlation between the number
of cortical waves and the duration of hearing aid regular use
might have revealed that the duration of hearing aid use con-
stituted the actual period of cortical stimulation in those
subjects.
As a whole, tracing of cortical potential using free ﬁeld set-
ting by simple presentation paradigm constituted a valuable
tool for the assessment of hearing aid beneﬁt. The enhance-
ment of the physiological activity of the auditory cortex paral-
leled the enhancement in the psychophysical tests. It could be a
solution to the difﬁculties encountered in the assessment of
hearing aids beneﬁt in infants and very young children.
Recordings of aided N1 wave threshold revealed good agree-
ment with the behavioral one, which may constitute a valuable
tool for frequency speciﬁc threshold detection. The total num-
ber of emerged waves in the potential revealed more selectivity
to cortical function than the latency parameter.References
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